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I. INTRODUCTION

D
ECARBONISATION of the electricity supply sector would require integration of large amounts of intermittent renewable energy sources (e.g., wind and solar power) into the electric power networks. Balancing the supply and demand would be a major challenge necessitating larger amount of operating reserve from energy storage, demand reduction etc.
Flexibility in demand is commonly associated with operating the deferrable loads (e.g., washing machine, dish washer etc.) during hours of low electricity demand (i.e., low electricity price) [1] and altering the power consumption of thermostatically controlled loads (e.g., fridges, air-conditioners etc.) without noticeable impact on the consumers [2] . Another way to harness demand flexibility is to utilize the voltage dependence of loads for peak demand reduction (for example) by decreasing the operating voltage of the distribution feeders [3] . Recently, Electricity North West Limited in Great Britain has conducted field trials to manage the load power consumption through feeder voltage reduction [4] . This is exercised through transformer tap changer control at the substation with appropriate line drop compensation. However, This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ during high loading conditions, the depth of allowable voltage reduction could be limited due to large voltage drop across the feeders so that the voltages at the far end can be maintained within the stipulated limits. Shunt reactive compensation would have limited effect on flattening the voltage profile in low-voltage (LV) feeders. With increasing loading this could seriously limit the demand reduction (DR) capability through voltage control at substation (VCS) alone. Moreover, conventional volt-var measures lack the flexibility to effectively deal with the volatility resulting from large renewable penetration [5] .
Provision of voltage control at the points of connection of individual loads (e.g., supply point of a cluster of domestic customers) along the length of a feeder is likely to allow higher DR compared to VCS. However, the capital investment in mass deployment of the voltage compensators for point-of-load voltage control (PVC) should be considered carefully against the benefits. This is especially true for power electronic compensators (PEC) which provide faster control and can handle high volatility. A comparison between the DR capability of PVC against VCS is yet to be reported which motivates this paper. For PVC, a PEC could decouple a cluster of domestic customers (CDC) from the low voltage (LV) feeder so that the supply voltage to each CDC could be controlled individually within the stipulated limits. Aggregated voltage dependence of all the domestic loads could thus be 'fully' exploited. The PEC would be fractionally rated as it is installed in series between the feeder and the CDC.
PVC using Electric Springs [6] has been reported for voltage regulation [7] , [8] , grid frequency control [9] and power quality improvement [10] . These papers have mostly assumed impedance-type loads without accounting for the time-varying incidence of various loads over a 24-hour period. In [11] , different types of loads were used without considering the time-varying incidence of various loads throughout a day. A methodology for estimating the hourly variation of available reserve with PVC was reported in [12] using load disaggregation at the bulk supply point but without considering the distribution network explicitly. In practice, it is critical for the network operators to know the DR capability of PVC during different time of the day so that they can schedule the conventional operating reserve accordingly.
Previous work on quantification of voltage driven DR capability with VCS employed aggregate load models at the medium voltage (MV) level which includes the influence of medium-and low-voltage (MV/LV) network components [4] . These models are not suitable for analysis of DR with PVC as the power-voltage dependence of a CDC in a LV network is typically lower than that of the aggregated models [13] .
The key contributions of this paper are as follows: 1) A quantitative comparison between the demand reduction (DR) capabilities of point-of-load voltage control (PVC) against voltage control at substation (VCS) for different time of the day is reported for the first time. Moreover, the rated capacity (and hence, the physical size and capital investment) of the voltage compensators to be deployed is evaluated to weigh the benefits against the cost. 2) A high-resolution domestic demand and power-voltage dependence profile at the cluster of domestic customer (CDC) level is used to quantify the voltage-driven demand reduction capability for PVC and VCS. Competing approaches reported in the literature either considered aggregate load models at the medium voltage (MV) level [4] or used load disaggregation at the bulk supply point [12] . Both provide less accurate results compared to the bottom-up approach to voltage-driven demand response adopted in this paper.
The scope of this study is limited to domestic sector only as the necessary high time-resolution demand models for industrial and commercial customers is not readily available.
II. POINT-OF-LOAD VOLTAGE CONTROL (PVC)
A. Approach
For point-of-load voltage control (PVC), a cluster of domestic customers (CDC) in close electric proximity could be decoupled from the low voltage (LV) feeder using a power electronic compensator (PEC) as illustrated in Fig. 1 . The configuration and size (i.e., number of customers) of each CDC would vary depending on the connection arrangement in a particular feeder. However, the electric proximity should be such that the voltage drop within a CDC is negligible (e.g., less than 1%) compared to that along the LV feeder. As the PEC is connected in series between the feeder and a CDC, it can be rated at only a fraction (typically 5-10%) of the diversified peak demand (DPD) of the CDC. Also, the diversity in demand within each CDC limits the required rating of the PEC.
The supply voltage to each CDC could be controlled independently within the stipulated limits irrespective of the feeder-side voltage subject to the rating of the PEC. This offers more flexibility for demand reduction (and increase, if required) through voltage especially, under high loading conditions as shown in Fig. 2 . For illustration purpose, uniform loading of each CDC (which corresponds to each arrow) and equal distance of separation between the CDCs are assumed which result in a linear voltage profile across the feeder. The substation voltage is assumed to be maintained at the maximum stipulated voltage (V max ). It is obvious that the extent of voltage reduction using voltage control at substation (VCS) is limited compared to the PVC especially, under high loading condition. The shaded area in Fig. 2 (b) and (d) represents 
B. Demand Reduction (DR)
The aggregate power-voltage dependence of the ith cluster of domestic customers (CDC) at a given time instant t can be expressed in exponential form [14] as:
where, P i0 (t)/Q i0 (t) is the nominal active/reactive power consumption at 1.0 p.u. voltage and n pi (t)/n qi (t) is the aggregate active/reactive power-voltage sensitivity at time t. As in (1) , all the terms in the equations henceforth are time-varying unless otherwise specified. However, to avoid the equations overflowing due to lack of space, the time varying quantities such as P i0 (t), n pi (t) would be simply denoted as P i0 , n pi .
In a radial distribution feeder, the voltage at ith bus (CDC) could be expressed in terms of the adjacent bus voltage as [15] :
where
where, P i /Q i sum of the active/reactive power loads at bus i and beyond till the end of the feeder plus sum of the active/reactive power losses in all feeder segments beyond bus i. R i /X i is the resistance/reactance of the feeder segment between bus i and i − 1. With a specified substation voltage V B0 the rest of the bus (i.e., CDC) voltages could be worked out for a particular loading condition. The total active power demand reduction (DR) possible by reducing the voltage of all the CDC to the minimum stipulated limit V min is given by: (4) where, N c is the total number of CDC in the system, P LL represents the change in network power loss as a result of reducing each CDC's voltage to V min and P LCi is the total losses (conduction and switching) incurred in the PEC at CDC i. Typically, network power loss would be less (i.e., P LL is negative ) with reduced CDC voltage (and hence, power). The loss in the PEC would depend on the power processed by it (see Section II-C) and its rated capacity. Everything except V min in (4) varies according to the time of the day. For the studies reported subsequently, V min is assumed to be 0.95 p.u. to keep the reduced voltages within acceptable limits which is what the utilities are obliged to ensure. It is to be noted that critical (or sensitive) customers requiring tighter voltage tolerance would not be part of PVC. Such critical customers are generally present in the industrial/commercial sector which is not within the scope of the current study.
For DR through VCS, the total possible active power demand reduction (DR) can be calculated by:
Bi is the reduced feeder-side voltage after VCS, P LL is the change in network power loss as a result of reduced (to V Bi ) supply voltage to each CDC.
The DR capabilities of PVC and VCS are compared in terms of an index, DR defined in (6) .
In order to obtain a closed form analytical expression for DR, the following simplifying assumptions are made. Relaxing these assumptions would make the derivation of the analytical expression much more complicated.
1) A radial distribution network with N c uniformly spaced constant current (CI) loads having unity power factor.
2) Purely resistive feeder with a total resistance of R T (p.u.).
3) The total loading P T at nominal voltage is uniformly distributed resulting in a current flow I = P T N c through each CI load. 4) PEC losses neglected.
With the substation voltage held at V S , the voltages of the first three loads are given as:
Following this trend, the voltage at i th load can be expressed as (10) .
DR through PVC can then be expressed (11) .
It is to be noted that there would be no change in network power losses as all the loads are assumed to be constant current type.
For determining DR through VCS, the minimum possible voltage at the substation V is obtained such that the voltage at the far end of the feeder is at the minimum limit. The voltages at each node are then recalculated using (10) with V S . DR through VCS is given as (12) .
Without loss of generality, N c is assumed to be 20, V S maintained at the upper limit 1.05 p.u., and the lower limit V min to be 0.95 p.u. The total feeder resistance R T is calculated considering violation of the low voltage limit (at the far end of the feeder) beyond a certain amount of overloading (say, 1.2 p.u. loading).
With the above-mentioned assumptions, the variation of DR with respect to loading is shown in Fig. 3 (a). It should be noted that a negative value of DR denotes DR capability of VCS is less than that of PVC according to (6) . The advantage of PVC over VCS increases with the loading level. The losses incurred within the PEC have been included numerically as mentioned in Section II-C. PVC provides less DR than VCS at very low loading as the power losses incurred in the PECs become dominant. The traces with N c = 5 and 50 confirm that the impact of varying load density is limited. The absolute values of DR through VCS and PVC are shown in Fig. 3 (b) . For a given load type, the DR capability depends of the demand (i.e., loading) itself and is expected to increase (decrease) at higher (lower) loading. However, at higher loading there is less room for voltage (i.e., demand) reduction due to larger voltage drop across the feeder. Due to these opposing trends, the DR capability peaks at a certain loading which is lower for VCS than PVC. This is due to the fact that the room for voltage reduction using VCS becomes lesser than that using PVC with increase in loading level.
The DR capability using PVC under reverse power flow due to photovoltaic (PV) generation is shown in Fig. 3 (b) . During reverse power flow, the substation voltage is generally maintained at the minimum limit (0.95 p.u.) to avoid over voltage problem at the far end. It is difficult to continuously adjust the substation voltage with varying PV output which leaves no room for DR through VCS. With PV generation, the range of loading level is limited to 0.4-0.9 p.u. considering the typical variations (shown in Figs 6 & 13) during the daylight hours. The DR capability of PVC is lower in presence of PV generation across different loading levels. This is due to the fact that the substation voltage is generally set at the lower limit 0.95 p.u. to prevent overvoltage at the far end of the feeder which leaves less room for voltage (i.e., demand) reduction compared to the case without PV penetration.
Although the analysis presented above assumes purely resistive feeder and constant current loads only, it provides a theoretical basis for the DR figures obtained later in Sections III and IV using realistic network parameters and high-resolution domestic demand models.
C. Power Electronic Compensator (PEC)
A power electronic compensator (PEC) with back-to-back configuration [16] is used to inject a controllable series voltage between the cluster of the domestic customers (CDC) and the LV feeder. The configuration is shown in Fig. 4(a) .
The series converter is set to control both the magnitude (V C ) and phase angle (φ) of the injected voltage while the shunt converter is controlled to maintain the DC link voltage supporting the active power exchanged by the series converter. To minimize its apparent power rating, the shunt converter is operated at unity power factor.
For PVC, the magnitude of the injected voltage V C can be controlled according to the demand reduction (or increase) requirement and the phase angle φ is set to be either in or out (to increase demand, if required) of phase with the feeder-side (V B ) or CDC (V L ) voltage (as shown in the phasor diagrams in Fig. 4 (b) and (c) ) to exercise maximum change in CDC voltage with minimum apparent power rating. As a result, the PEC exchanges both active and reactive power. For demand reduction, the injected voltage would be in phase with V B resulting in the series converter absorbing active power and the shunt converter injecting this power back into the feeder. Neglecting the converter losses, the total demand reduction would be equal to the reduction in power consumption of the CDC [17] . Under normal condition, the PEC injects zero voltage (V C = 0) which makes the feeder-side and CDC voltages the same (V B = V L ) neglecting the small voltage drop across the series element of the converter interface filter (not shown explicitly in the figure) .
The apparent power processed by the PEC at ith CDC can be expressed as:
where, V Bi , pf i are the modified feeder-side voltage (recalculated from power flow) and power factor, respectively as a result of reduction in voltage of the ith CDC to V min . Apart from the series voltage (V Ci ) inserted by the PEC and the CDC current I Li (which is the same as PEC current), the term (1 + pf i ) accounts for the fact that the shunt converter operates at unity power factor while balancing the active power exchanged by the series converter. For the studies reported in Sections III-V, the conduction loss is considered to be 3.75% of the power processed by the PEC while the switching loss is 0.25% of its rated capacity [18] . To avoid additional power loss, the PEC would be bypassed when DR is not exercised. Typically, V Bi would be slightly larger than V Bi due to decreased feeder voltage drop following CDC voltage (and hence power) reduction. For a given power consumption S i = P 2 i0 + Q 2 i0 by a CDC, the apparent power processed by the PEC (S Ci ) is larger when the power-voltage exponents n pi /n qi are smaller. Fortunately, there is a correlation between the actual power consumption of a CDC and the values of the power-voltage exponents with both becoming low/high around similar time of the day. Hence, the power processed by the PEC is always limited. The rating of the PEC to be installed at each CDC would be dictated by the maximum possible S Ci over the 24-hour period and across different seasons (winter/summer) and days (weekdays/weekends).
The total demand reduction possible through PVC at a given time and the rated capacity of the PEC depends on the aggregate demand and power-voltage dependence of each CDC and the voltage across a CDC, all of which vary depending on the time of the day. The voltage also depends on the location of a particular CDC on the feeder. In the subsequent sections, a high resolution domestic demand model is used to quantify the demand reduction with PVC and the PEC rating required first with a random distribution of CDC mimicking a generic LV feeder (Section III) and then with the Cigre benchmark MV/LV network (Section IV).
III. GENERIC LOW VOLTAGE (LV) FEEDER
The demand reduction (DR) capability of PVC depends on the feeder configuration and the loading profile. In this section, the DR of PVC is compared against that of voltage control at substation (VCS) using a generic LV feeder with random separation between adjacent CDCs and random distribution of loads among the CDCs. A stochastic demand model for domestic customers in Great Britain is considered. The case studies presented in this and subsequent sections are performed in MATLAB running on Intel(R) E5-1650 v3 3.5GHz PC.
A. Domestic Demand Model
The 24-hour demand profile for each domestic customer is generated using a domestic demand model developed by the Centre for Renewable Energy Systems Technology (CREST) [19] . The model provides household level electricity consumption with one minute resolution by allocating the usage of 35 typical household appliances according to daily activity and active occupancy pattern for a given number of residents, day of the week and month of the year. A set of 24-hour total demand profiles for each appliance (P d ) and individual domestic customers (P h ) are obtained by running the demand model repeatedly. Combining these demand profiles with the ZIP load model coefficients (Z p , I p , P p ) of the 35 appliances [20] , the aggregate active power-voltage sensitivity (n ph ) for each domestic customer is calculated by: (14) Then the aggregate active power-voltage sensitivity at the i th CDC, which is used to determine the DR capability, is obtained by (15) in which N h is the number of domestic customers within a CDC.
B. Demand Reduction (DR) Capability
To compare the DR capability of PVC and VCS, a generic radial LV feeder with random distribution of loads among CDC and random length of feeder sections is considered to obtain a general range of possible DR under various network configurations. A fixed length (Z f ) and typical line parameters [21] of the LV feeder are considered while the number of CDC is varied between 5 and 20. The loading of each CDC and the length of each feeder segment (between adjacent CDCs) are varied randomly between ±50% of their values corresponding to an uniform distribution. The total diversified peak demand (DPD) of the feeder is also varied between ±50% of the nominal value. These are summarized in Table I .
The DR capability is calculated by looping through the variation in the above parameters as shown in Fig. 5 . Starting from the outer loop, Loop 1, 2 and 3 varies the total DPD of the entire feeder, the number of CDC and distribution of loading between them, respectively. This encompasses a wide range of LV feeder configurations including a dense urban or a spare rural network. The upstream MV network is represented by its Thevenin equivalent.
The results shown in Figs. 6 to 9 correspond to typical winter and summer weekdays. A fixed total DPD (1.0 p.u.) and number of CDCs are considered to filter out the trends. Each figure consists of three traces representing the upper boundary (UB, 95 percentile), median value (50 percentile) and lower boundary (LB, 5 percentile) of the results considering the variations. Fig. 6 shows the 24-hour variation of active power consumption (P) and active power-voltage exponent (n p ) aggregated at the CDC level. The three traces show the variability in P, n p between different CDCs. The UB of P is nearly 3 times the LB which corresponds to the range set in Table I . The DPD across the day is larger for winter weekdays than summer with a prominent effect of electric heating (higher P and n p ) during the winter nights.
The time variation of voltage across the CDCs, shown in Fig. 7 , is consistent with the loading of CDC in Fig. 6 . The three traces in CDC voltage profiles represent the variability due to different electric proximity to the substation. It is to be noted that the MV/LV transformer secondary tap position is maintained at 1.05 p.u. to avoid under-voltage at the far end of the feeder. Fig. 8 shows the DR capability of PVC and DR for typical winter and summer weekdays. As mentioned before, a negative value of DR denotes DR capability of VCS is less than that of PVC according to (6) . During the winter weekdays, DR capability of PVC varies between 2% to 7% of the DPD across the 24-hour period. The DR capability of VCS is 40% to 55% less during most part (around 22:00-17:00 hours) of the day. During peak demand hours (around 17:00 -22:00), the DR capability of VCS is much less with DR touching -100% in some cases. This denotes that VCS totally loses its DR capability as the voltage at the far end of the feeder is below the lowest stipulated limit. Without electric heating, the DR capability of PVC would be less during the winter nights but the comparison against VCS ( DR) would still be similar.
For summer weekdays, the maximum capability of PVC is around 6% while the minimum can be as low as around 0.5% due to the very light loading during the late night and early hours of the day. The capability of VCS for other time of the day is still around 40% to 55% less except some instances during the late evening peak where DR with VCS could be up to about 80% less.
C. PEC Power
Improved DR capability of PVC comes at the expense of requirement of power electronic compensators (PECs) at each CDC. Fig. 9 shows the variations in the total apparent power processed by the PECs to achieve the DR shown in Fig. 6 . This is expressed as a percentage of the diversified peak apparent power demand of the feeder. Overall, about 2-12% of the power is processed by the PECs although the power through a particular PEC would depend on the loading level and active power-voltage exponent. It is interesting to note that during winter night hours, PVC offers higher DR capability with less power through PEC. This is due to relatively less loading (i.e., higher voltages) and higher power-voltage exponent as discussed earlier in Section II-C. The data points close to the upper bound (UB) trace correspond to the CDCs located close to the MV/LV transformer while those near the lower bound (LB) trace are CDCs at the far end of the feeder. The rating of each PEC is decided based on their individual maximum power processed over a range of winter and summer days as clarified further in Section IV.
D. Sensitivity Analysis
The impact of varying loading and different number of CDCs connected to the feeder is considered here. 
1) Loading Condition:
The total DPD of the feeder is varied between ±50% of the nominal value to capture the impact of loading on DR capability of PVC. Fig. 10 shows the results for peak (17:00-22:00) and off-peak (22:00-17:00) demand hours for winter weekdays. Although the DR capability of PVC reduces with higher loading, its effectiveness over VCS ( DR) actually increases. In fact, VCS would totally lose its DR capability for most part of the peak hours when the loading is high.
The sum of the maximum power processed by individual PECs connected at various CDCs are shown in Fig. 10 for peak and off-peak demand hours separately. The PEC power is less for higher loading due to the reasons mentioned above.
2) Number of CDC: The number of CDCs served by the LV feeder is varied between 5 to 20 keeping the total DPD fixed at 1.0 p.u. For a fixed loading, the voltage drop across the feeder is expected to be less for higher number of CDCs resulting in reduced difference between the DR capability of PVC and VCS. This trend could be observed in Fig. 11 . For 15 or 20 CDCs, in some instances (as shown by the outliers) VCS offers similar (or even higher) DR capability as PVC during the off-peak demand hours. However, the impact of varying the number of CDCs numbers is not as significant as changing the loading level which is consistent with the analysis provided in Section II-B.
IV. CIGRE BENCHMARK MV/LV NETWORK
A. Network Description
The Cigre European benchmark medium-and low-voltage (MV/LV) network [22] shown in Fig. 12 is considered in this section to further validate the general range of DR achieved from the generic LV feeder in Section III. The aggregated load at each MV bus is split into commercial/industrial loads and multiple parallel Cigre benchmark LV feeders each containing 5 cluster of domestic customers (CDCs). The number of domestic customers connected at R11, R15-R18 are 14, 47, 50, 32, 42, respectively based on the DPD in [22] . The total DPD is 5.5 MVA with 70% domestic loads connected to the LV feeders and 30% commercial/industrial loads at the MV level [22] . As a high-resolution demand model (such as in [19] ) for commercial and industrial customers is not readily available, the power-voltage dependence of only the domestic customers is considered for this study to ensure a fair comparison between PVC and VCS.
The aggregated active power consumption (P) and the corresponding active power-voltage exponent (n p ) of the CDCs for winter and summer weekdays are shown in Fig. 13 . As in Section III, these are obtained from the high-resolution domestic demand model [19] . The traces denote the upper boundary (UB, 95 percentile), median value (50 percentile) and lower boundary (LB, 5 percentile) of the results.
The voltages across CDCs, show in Fig. 14 , are relatively low compared to the case study with a generic LV feeder in Section III. This is evident during 1) winter peak hours (17:00 -22:00) (in some cases below 0.95 p.u.) due to a higher loading condition and 2) daytime (around 8:00 -15:00) due to the presence of commercial/industrial loads at the MV level. 
B. Demand Reduction (DR) Capability
The DR capability of PVC and VCS are compared in Fig. 15 . PVC can provide a DR of 100kW to 180kW depending on the time of the day for both winter and summer weekdays. Variation of DR capability throughout a day is similar to that in Section III but with a smaller difference between UB and LB due to a fixed network configuration here unlike the generic LV feeder in Section III. In practice, the system operators could rely on the LB of the DR capability as this amount of DR is 'very likely' to be available even after considering all the variabilities.
The DR capability of VCS is significantly less (lower negative values of DR) for the Cigre benchmark MV/LV network compared to the generic LV feeder which is mainly due to relatively low CDC voltage as a result of higher loading. During the peak demand hours, VCS cannot produce any DR as the voltage at the far end of certain LV feeder(s) violates the stipulated lower limit. During other times of the day, the DR capability of VCS is also limited due to large voltage drops caused by the commercial/industrial loads. For instance, when the commercial/industrial loads peak between 8-9 am [22] , the DR capability of VCS is virtually zero. The LV feeders are connected to the MV network (bus 3-6, 8, 10-11 and 14) at different electrical distances from the primary (110/20 kV) substation. This leads to a much wider range of DR as compared to the previous section where a fixed equivalent impedance was used to represent the MV network.
C. PEC Rating
The rated capacity of the PEC required at each CDC is determined by the maximum power processed. These are shown in Fig. 16 separately for each bus (R11, R15-R18) considering all the 31 LV feeders with a total of 155 CDCs. The CDCs at R16 of all the LV feeders require a larger PEC rating due to high DPD and relatively small electrical distance from the MV/LV transformer. The rating of the PECs at different CDCs vary between 2-5 kVA which is less than 10% of the DPD of the respective CDC. The total rated capacity of the PECs required for the Cigre MV/LV network is around 500 kVA. Considering a conservative figure of $150/kVA [23] for a typical low voltage single phase converter, the investment in deploying the PECs would be around $75K. This could be recovered by utilizing the DR capability of PVC to reduce the conventional operating reserve (OR) requirement and thus, decrease the OR availability (or holding) fees and OR utilization fees paid to conventional OR providers. The saving in OR utilization fees depends on the actual balancing requirements of the system which varies with the proportion of intermittent renewable generation, available storage capacity etc. Summing up the hourly average of lower bound of DR capability of PVC (shown in Fig. 15 (b) and (c)) for various days (summer, winter, weekdays, weekends), the total yearly DR capability turns out to be 1030 MWh. Considering an OR holding fee of £6/MW/h [24] (although this varies depending on market condition) the payback period for the investment in PECs would be around 8-9 years using the current exchange rate of £1=$1.4. Note that this is based on the saving in OR holding fee only. The actual payback period would be considerably less once the saving in OR utilization fee is factored into the calculation using the projected scenarios. This is because the OR utilization fee is typically much higher (e.g., £150/MW/h) and volume and frequency of OR utilization will increase with large penetration of intermittent renewable energy sources.
V. FREQUENCY CONTROL IN ISLANDED MICROGRID
The frequency control problem in an islanded microgrid is considered in this section to illustrate the effectiveness of the DR capability of PVC. Recently, [25] showed that frequency regulation through generator voltage control (GVC) (which is analogous to VCS in this context) in an islanded microgrid could facilitate integration of significant levels of intermittent renewable resources without energy storage. Variations of active power-voltage exponents (n p , n q ) throughout the day were not considered in [25] . The frequency control capability of PVC is benchmarked against the GVC approach [25] .
In islanded condition, the Cigre benchmark MV/LV microgrid (shown in Fig. 12 ) is supplied by two 2.3 MVA diesel generators at bus 1 and 12. Each generator is represented by a third-order dynamic model with the parameters given in [26] . The standard IEEE-DC1A type excitation system and simple first order model for the governor with 5% powerfrequency droop are used. The wind power generation with a rated capacity of 1.5 MW at bus 7 operates under maximum power capture mode while maintaining unity power factor at its point of connection to the microgrid. Similar fluctuation of wind power but with higher amplitude than [25] is considered to cause larger frequency excursions. The simulations are carried out in MATLAB/Simulink with a minimum step size of 0.01s. Fig. 17 shows two 3-minute time windows from offpeak and peak demand hours which confirm that DR through PVC is able to regulate the microgrid frequency better than GVC. During peak demand hours, the trace with GVC overlaps with that without frequency control (No GVC & PVC) as GVC cannot improve (i.e., reduce) the frequency excursion at all due to voltage limit violation at the far end of certain LV feeders. Besides, GVC produces only marginal improvement even during off-peak demand hours. The simulation results correspond to the DR capability shown in IV-B and highlight the effectiveness of DR through PVC.
VI. CONCLUSION
Recent trials in Great Britain have shown that up to about 3 GW of system wide demand reduction (DR) is possible through voltage control at (primary) substation (VCS) alone. This paper confirms that such a large DR using VCS might not be possible under high loading. The DR capability of VCS is found to be 40-60% lower than that of point-of-load voltage control (PVC) for most part of the day and even less (up to 100% less) during the peak demand hours. Higher DR with PVC is achieved with power electronic compensators (PEC) rated at only about 10% of the diversified peak demand resulting in a reasonable payback time on investment. A high resolution domestic demand model, a generic LV feeder and a Cigre benchmark network are considered to generalize and substantiate the above findings. As a possible application, DR through PVC is shown to produce better frequency control in an islanded microgrid with fluctuating wind power generation.
In future, loading of distribution networks would increase drastically during certain times of the day due to rise in distributed generation (e.g., roof-top solar) and electrification of heat and transport. During these periods, DR capability of VCS would be seriously limited (even becoming zero) necessitating PVC as demonstrated in this paper. Use of PVC would reduce the need for operating reserve from various sources (e.g., energy storage etc.) and thereby, facilitate large-scale integration of intermittent renewable energy sources such as wind and solar power.
